The molecular mechanisms of heparan sulfate proteoglycan downregulation in the glomerular basement membrane (GBM) of the kidneys with diabetic nephropathy remain controversial. In the present study, we showed that the expression of heparanase-1 (HPR1), a heparan sulfate-degrading endoglycosidase, was upregulated in the renal epithelial cells in the kidney with diabetic nephropathy. Urinary HPR1 levels were elevated in patients with diabetic nephropathy. In vitro cell culture studies revealed that HPR1 promoterdriven luciferase reporter gene expression, HPR1 mRNA, and protein were upregulated in renal epithelial cells under high glucose conditions. Induction of HPR1 expression by high glucose led to decreased cell surface heparan sulfate expression. HPR1 inhibitors were able to restore cell surface heparan sulfate expression. Functional analysis revealed that renal epithelial cells grown under high glucose conditions resulted in an increase of basement membrane permeability to albumin. Our studies suggest that loss of heparan sulfate in the GBM with diabetic nephropathy is attributable to accelerated heparan sulfate degradation by increased HPR1 expression. Diabetes 54:2172-2178, 2005 D iabetic nephropathy is a major cause of endstage renal disease. It is characterized by glomerular hemodynamic abnormalities that result in glomerular hyperfiltration, leading to glomerular damage as evidenced by microalbuminuria. As glomerular function continues to decline, overt proteinuria, decreased glomerular filtration rate, and end-stage renal failure result. The glomerular basement membrane (GBM) functions as a primary barrier to allow molecules to selectively cross over into the urinary space (1). The GBM is a specialized extracellular matrix produced as a thin sheet-like structure by glomerular epithelial cells (1). The main components in the GBM are collagen type IV, laminin, and heparan sulfate proteoglycans (HSPGs) (1). HSPGs are composed of a protein core attached with side-chains of the complex glycosaminoglycan heparan sulfate (2). Because of their negative charge, heparan sulfate chains are highly hydrated and thus play a key space-filling and molecular-sieving role in the GBM. It has been long recognized that ultrastructural changes, including GBM thickening, mesangial expansion, and reduction in HSPGs, lead to the loss of charge selectivity and altered glomerular size selectivity, allowing albumin leakage into the urinary space.
D
iabetic nephropathy is a major cause of endstage renal disease. It is characterized by glomerular hemodynamic abnormalities that result in glomerular hyperfiltration, leading to glomerular damage as evidenced by microalbuminuria. As glomerular function continues to decline, overt proteinuria, decreased glomerular filtration rate, and end-stage renal failure result. The glomerular basement membrane (GBM) functions as a primary barrier to allow molecules to selectively cross over into the urinary space (1) . The GBM is a specialized extracellular matrix produced as a thin sheet-like structure by glomerular epithelial cells (1) . The main components in the GBM are collagen type IV, laminin, and heparan sulfate proteoglycans (HSPGs) (1) . HSPGs are composed of a protein core attached with side-chains of the complex glycosaminoglycan heparan sulfate (2) . Because of their negative charge, heparan sulfate chains are highly hydrated and thus play a key space-filling and molecular-sieving role in the GBM. It has been long recognized that ultrastructural changes, including GBM thickening, mesangial expansion, and reduction in HSPGs, lead to the loss of charge selectivity and altered glomerular size selectivity, allowing albumin leakage into the urinary space.
Heparanase-1 (HPR1) is an endoglycosidase that specifically degrades HSPGs. Several lines of evidence suggest that HPR1 plays a critical role in the pathogenesis of proteinuria in diabetic nephropathy: 1) heparin and other glycosaminoglycans, which have been recently identified as heparanase inhibitors (3) , can slow down diabetic nephropathy in preclinical and clinical settings (4) ; 2) recent studies demonstrated that glomerular charge selectivity is greatly compromised in mice treated with bacterial heparinase and other glycosaminoglycan-degrading enzymes (5); and 3) overexpression of HPR1 in the kidneys of transgenic mice affects the structure of the GBM and results in increased levels of urinary protein (6) . In the present study, we provide evidence that in patients with diabetic nephropathy, HPR1 expression in their kidneys and urinary HPR1 levels are elevated. In vitro studies demonstrated that hyperglycemia induced HPR1 expression and cell surface heparan sulfate degradation. These observations suggest that HPR1 plays a critical role in degrading heparan sulfate in the GBM, ultimately leading to diabetic nephropathy and end-stage renal disease.
tissue specimens (Table 1) were used in our investigation and were confirmed through hematoxylin and eosin staining by an experienced pathologist (P.G.). This study was reviewed and approved by the Rush University Medical Center institutional review board. A total of 24 urine samples were collected from 8 healthy donors, 5 diabetic patients without proteinuria (Ͻ20 -30 mg/l in a random sample), and 11 diabetic patients with micro-or macroproteinuria (Ͼ20 -30 mg/l). Urine samples were spun down at 1,500g for 15 min at 4°C. Supernatants were collected and stored at Ϫ80°C until use. Immunohistochemical staining. Tissue sections were de-waxed with xylene and rehydrated. Slides were processed for immunohistochemical staining with a rabbit anti-HPR1 antiserum as previously described (7, 8) , except that the slides were inactivated in 3% hydrogen peroxide for 10 min, and 10% normal human and goat serum was used in each of the antibody dilutions. The same concentration of a normal rabbit serum was used as a negative control. Cells. We purchased 293 cells, a human embryonic tubular cell line, from the American Type Culture Collection and grew them in the complete minimal essential medium containing 10% fetal bovine serum (FBS). Also, 10/56A cells, an SV40 T-antigen-immortalized human glomerular epithelial cell line (kindly provided by Dr. J.D. Sraer), were grown in Dulbecco's modified Eagle's medium (DMEM)/Ham's F12 medium supplemented by 1% FBS, 10 ng/ml dexmathasone, 5 g/ml insulin, 5 ng/ml sodium selenite, and 5 g/ml transferrin. Rat epithelial kidney cells were prepared as previously described (9) . Briefly, rat kidneys were harvested from Sprague-Dawley rats, and the renal cortex was separated and minced to ϳ1 mm pieces. The glomeruli were squeezed out, using a 10-ml syringe insert followed by passing through 125-and 75-mm sieves. Glomeruli collected from the 75-m sieve were grown in RPMI 1640 medium containing 10% FBS, 100 mol/l nonessential amino acid, 10 mmol/l sodium pyruvate, and 10 mmol/l HEPES buffer (pH 7.0). Cells were seeded in six-well plates. After incubation for 1 week, the monolayer was formed with a cobblestone appearance, indicating the epithelial origin of the cells. Cells were lysed in HPR1 assay buffer (0.1 mol/l sodium acetate, pH 5.0, 0.1 mg/ml BSA, 0.01% Triton X-100, 0.5 mmol/l phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, and 10 g/ml aprotinin). Cell lysates were prepared and analyzed for HPR1 expression by Western blot . Western blot. Urine samples from patients with diabetic nephropathy and from healthy volunteers were collected as described above. Urine samples were spun down at 1,500g for 15 min at 4°C. Supernatants were collected and mixed with equal volumes of 2ϫ sample buffer. Samples were then immunoblotted using the standard Western blot technique and probed with an anti-HPR1 antibody that recognizes the 65-kDa HPR1 protein. HPR1 activity analysis. Rat glomerular epithelial cells were grown in a six-well plate, and on 80% confluence cell monolayers were treated with increasing concentrations of D-glucose (1, 5, 15 , and 25 mmol/l) and L-glucose as an osmotic control in media containing 10% FBS. After incubation for 24 h, cells were harvested and lysed in the HPR1 assay buffer. HPR1 enzymatic activity was analyzed by a novel enzyme-linked immunosorbent assay, as previously described (8) Flow cytometric analysis. For flow cytometric analysis, 10/56A cells were grown in the complete medium containing 5 or 25 mmol/l glucose for 48 h. Cells (5 ϫ 10 5 /sample) were stained by incubation for 30 min at 4°C with an anti-heparan sulfate monoclonal antibodies (0.5 g/sample, clone HepSS; Seikagaku, Tokyo) or mouse IgM as a negative control. Cells were incubated with fluorescein isothiocyanate-labeled goat anti-mouse IgM (5 l/sample) for 30 min at 4°C followed by rabbit fluorescein isothiocyanate-labeled anti-goat IgG (5 l/sample) for 30 min at 4°C. Cell surface heparan sulfate expression was analyzed in a Becton Dickson FACScan flow cytometer.
RT-PCR.
We grew 293 cells in six-well plates, starved them of glucose overnight, and then stimulated them with 5 or 25 mmol/l glucose for 24 h. Total cellular RNA was isolated from fresh tissues and cell lines with TRIzol (Life Technologies) and quantitated by UV absorption. HPR1 mRNA expression was analyzed by RT-PCR, as previously described (8) . Luciferase reporter gene expression. We transfected 293 and 10156A cells with 1 g of reporter plasmid DNA and 0.5 g of pCMV/SPORT containing the ␤-galactosidase gene as an internal control, using FuGENE 6 reagent (Pharmacia). The mixture was added to the monolayers of cells starved of glucose overnight. Cells were grown in complete medium containing 5 or 25 mmol/l glucose for 24 h. Cells were harvested, and the cell lysates were prepared. The luciferase activity was quantitated, using the luciferin substrate, and read in a Tecan plate reader (Phenix Research Products, Hayward, CA). The relative light unit in each sample was then normalized against the ␤-galactosidase activity measured by a colorimetric assay. In some experiments, 20 mmol/l L-glucose was added to culture medium containing 5 mmol/l D-glucose as an osmotic control. The addition of L-glucose did not give rise to significant differences in luciferase activity compared with 5 mmol/l D-glucose alone. Glucose-induced membrane permeability assay. Matrigel enriched with heparan sulfate was used to coat 24-well inserts overnight at 4°C to create an artificial basement membrane mimicking the GBM. Rat glomerular epithelial cells and 293 cells were then grown to 60 -80% confluence on the basement membrane. The cells were glucose starved in DMEM with 10% FBS for 24 h and then subsequently washed with PBS. Cells were subjected to either no glucose or 5 or 25 mmol/l glucose-enriched DMEM with 10% FBS for 48 h at 37°C. Rat glomerular endothelial and 293 cells were also incubated with purified human heparanase (kindly provided by Dr. Jeffrey L. Platt, Mayo Clinic, Rochester, MN) at a concentration of 0.46 g/ml as a positive control. Cells were then washed with PBS, an Evan's Blue solution (Sigma, St. Louis, MO) containing 0.1% BSA (Sigma) was added to the insert chamber, 250 l PBS was placed in the bottom chamber, and the cells were incubated for 1 h at 37°C. The optical density of the Evan's Blue solution with BSA that permeated through the insert into the bottom chamber was measured in a Tecan plate reader at an absorbance of 595 nm. Statistical analysis. Fisher's exact test was used to determine whether there was a significant difference in the rate of HPR1 expression between the kidneys with diabetic nephropathy and the normal kidneys or those with nondiabetic nephropathy.
RESULTS
Immunohistochemical staining of HPR1 expression in the kidneys with or without diabetic nephropathy. We tested whether HPR1 expression was increased in glomerular and tubular epithelial cells in the kidneys from patients with diabetic nephropathy, using immunohistochemical staining. As shown in Fig. 1 , HPR1 signals were intense in the glomeruli and the convoluted tubules of the cortex (Fig. 1A ) and in the distal convoluted tubules and collecting ducts (Fig. 1D ) in a kidney with diabetic nephropathy. However, HPR1 signals were minimal in the glomeruli (Fig. 1B) and weak in the cortical convoluted tubules and the distal medullary tubules (Fig. 1E ) in a kidney from a patient without diabetic nephropathy. There was no signal in either the glomeruli or the cortical and medullary tubules when normal rabbit serum was used as a negative control ( Fig. 1C and F) . Most HPR1-positive samples had HPR1 signal in Ͼ80% of the glomeruli. The intensity of the HPR1 signal among HPR1-positive samples varied in part because of batch-to-batch differences, and therefore a grading score was not provided.
We analyzed HPR1 expression in 79 kidneys ( Table 1 ) and found that 35 of 50 (70%) with diabetic nephropathy were HPR1 positive. In contrast, HPR1 signal was only weakly positive in 3 of 12 (25%) normal kidneys and 1 of 17 (6%) specimens with other nondiabetic renal diseases in which hyperglycemia is not believed to be a causative factor. Fisher's exact test revealed that the frequency of HPR1 expression was significantly higher in the glomeruli of diabetic nephropathy kidneys than that in normal (P ϭ 0.011) and other nephrotic kidneys (P Ͻ 0.001). Because diabetic nephropathy biopsy specimens were rarely available, we were unable to compare HPR1 expression be- Data are n and n (%). P ϭ 0.011, diabetic nephropathy vs. normal; P Ͻ 0.001, diabetic nephropathy vs. nondiabetic nephropathies.
tween diabetic nephropathy and nondiabetic biopsy specimens. However, we speculate that the signal of HPR1 expression may be even be stronger in diabetic nephropathy biopsy specimens than autopsy specimens. Nevertheless, these data help support our hypothesis that hyperglycemia contributes significantly to HPR1 expression. Increased urinary HPR1 levels in patients with diabetic nephropathy. Katz et al. (9) reported that HPR1 activity was detected in the urine from 25% of 33 patients with type 1 diabetes but was undetectable in 40 normal control subjects. The presence of HPR1 in urine samples could not be confirmed by Western blot because of the low sensitivity of the anti-HPR1 antibodies they used (9). We were able to detect HPR1 with a more sensitive anti-HPR1 antibody that interacts with the 65-kDa HPR1 only. We conducted Western blot to test whether urinary HPR1 levels were increased in diabetic patients with proteinuria. As shown in Fig. 2 , HPR1 was detected in 8 of 11 urine samples from patients with diabetic nephropathy. However, HPR1 was present only in one of five urine samples from diabetic patients without nephropathy and one of eight healthy control subjects. Induction of HPR1 expression in rat glomerular epithelial cells and the 293 cell line by high glucose. We hypothesized that increased HPR1 expression in diabetic kidneys may be caused by hyperglycemia. We conducted in vitro cell culture experiments to test whether high glucose (25 mmol/l) was able to induce HPR1 expression in glomerular epithelial cells. Rat glomeruli were prepared as previously reported (9) and seeded in a six-well plate.
Monolayers of primary rat glomerular epithelial cells appeared after 1 week, with a cobblestone shape, suggesting their epithelial origin. The culture medium was replaced with a medium containing 10% dialyzed bovine fetal serum and various concentrations of glucose, as indicated. After incubation for 24 h, cells were harvested and prepared in the HPR1 assay buffer following the protocol in our recent publication (8) . Protein concentrations were standardized, and HPR1 activity in equal amounts of protein (25 g/ml) was analyzed by a novel enzyme-linked immunosorbent assay, with serially diluted purified platelet HPR1 as a positive control. As shown in 
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compared with cells treated with normal glucose (5 mmol/l) (Fig. 3B ). Because HPR1 expression was also increased in the renal tubular epithelial cells in the kidney from patients with diabetic nephropathy, we tested whether high glucose is able to increase HPR1 expression in 293 cells, an embryonic tubular epithelial cell line. As shown in Fig. 3C , HPR1 expression was significantly increased in 293 cells treated with 15 and 25 mmol/l glucose compared with those treated with 5 mmol/l glucose. (A nonspecific band was present beneath the HPR1 band.) Thus, high glucose can upregulate HPR1 expression and activity in both glomerular and tubular epithelial cells. High glucose regulates HPR1 gene expression and promoter activity. We next conducted RT-PCRs to test whether upregulation of HPR1 expression by high glucose is at the transcriptional level. As shown in Fig. 4A , HPR1 mRNA was detected in cells under high glucose conditions (25 mmol/l) but not under normal glucose conditions (5 mmol/l). To further test whether high glucose-induced HPR1 gene expression is caused by increased promoter activation, we conducted luciferase reporter gene assays in 293 cells using four luciferase reporter constructs. As shown in Fig. 4B , 25 mmol/l glucose had no effect on the luciferase activity in cells transected with the empty vector. However, in the cells transfected with the luciferase reporter gene driven by a 3.5-, 0.7-, and 0.3-kb HPR1 promoter, 25 mmol/l glucose induced luciferase activity by about threefold compared with cells treated with 5 mmol/l glucose. Thus, the glucose-response element is largely located within a 0.3-kb promoter region. We also tested whether high glucose was able to induce HPR1 promoterdriven luciferase reporter gene expression in the 10/56A cell line. As shown in Fig. 4C , 0.7-and 3.5-kb HPR1 promoter-driven luciferase activity was increased by ϳ30 and ϳ40%, respectively. High glucose induces the degradation of cell surface heparan sulfate. We reasoned that increased HPR1 expression would lead to the accelerated degradation of heparan sulfate in cells under high glucose conditions. We analyzed cell surface heparan sulfate expression by staining with an anti-heparan sulfate monoclonal antibodies (clone HepSS) followed by fluorescence-activated cell sorting. As shown in Fig. 5 , cell surface heparan sulfate expression was significantly lower in 10/56A cells in 25 mmol/l than in those in 5 mmol/l glucose. The addition of PI-88 (50 g/ml) or heparin (50 g/ml) did not affect cell surface heparan sulfate expression in the cells grown in 5 mmol/l glucose, but it increased cell surface heparan sulfate expression in the cells grown in 25 mmol/l glucose. High glucose increases the permeability of the basement membrane. To test whether HPR1 expression in- duced by high glucose had a biological consequence, we conducted a membrane permeability assay to test whether renal epithelial cells grown under high glucose conditions over an artificial basement membrane resulted in an increase of permeability to albumin. As shown in Fig. 6 , optical density values at 595 nm from the cells with 25 mmol/l glucose were significantly higher than those grown with 5 mmol/l glucose, indicating that 293 cells and rat glomerular epithelial cells grown in 25 mmol/l glucose have a significant increase in basement membrane permeability to albumin bound to Evan's Blue dye solution, compared with those in 5 mmol/l glucose. Cells grown in glucose-free medium resulted in minimum permeability to albumin and had optical density values at 595 nm in the inserts that were comparable to the baseline controls that had no cells added. Purified HPR1 (0.25 g/insert) added to the inserts also increased the membrane permeability to a degree similar to the high glucose environment, compared with the culture media alone. Thus, our results suggest that increased HPR1 expression and activity in glomerular epithelial cells and 293 cells are responsible for high glucose-induced membrane permeability to albumin.
DISCUSSION
Earlier studies demonstrated that HPR1 was expressed in many hematopoietic cells, including platelets (10 -13), neutrophils (14, 15) , activated T-cells (16) , and monocytes (17) during inflammation, and that HPR1 cooperates with other enzymes, such as neutrophil-released elastase and plasminogen activator, to degrade HSPGs. Emerging evidence indicates that HPR1 produced by these cells is responsible for the loss of HSPGs in the GBM and proteinuria in inflammatory glomerulopathies. Levidiotis et al. (18) reported that HPR1 expression and activity are increased in the glomerular epithelial cells in puromycin aminonucleoside-induced experimental nephropathy. Further studies by these investigators demonstrated that HPR1 expression is also increased in the glomerular epithelial cells in a passive Heymann nephritis model and that the administration of anti-HPR1 neutralizing antibody reduces proteinuria (19) . A more recent study by the same group reported that the HPR1 inhibitor PI-88 is able to reduce proteinuria in passive Heymann nephritis (20) . These observations consistently support the notion that HPR1 expression may be dysregulated in different glomerulopathies and may play a critical role in the pathogenesis of proteinuria. In the current study, we demonstrated that HPR1 expression was upregulated within the glomeruli of the kidneys in patients with diabetic nephropathy and that HPR1 levels were elevated in the urine of patients with diabetic nephropathy. Our in vitro mechanistic studies demonstrated that hyperglycemic conditions were able to induce HPR1 expression in rat and human glomerular epithelial cells as well as a human 
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tubular epithelial cell line, and that upregulation of HPR1 expression led to the degradation of cell surface heparan sulfate expression. Furthermore, this phenomenon was reversed by two heparanase inhibitors, PI-88 and heparin. These observations strongly suggest that reduction of heparan sulfate content in the GBM is at least partly due to accelerated degradation by increased HPR1 expression invoked by the hyperglycemic environment. Thus, HPR1 may play a significant role in the development of microalbuminuria and the progression to overt proteinuria and end-stage renal disease seen in patients with uncontrolled diabetes.
Katz et al. (9) recently reported that HPR1 is minimally expressed in the capillary endothelial cells and is relatively high in the tubular epithelial cells of both the cortex and medulla in the human kidneys. Similarly, Levidiotis et al. (18) recently reported that HPR1 is not expressed in the glomeruli but is present in the distal convoluted tubules and collecting ducts in the cortex of normal rat kidneys. However, HPR1 expression is intense in the glomeruli of rat kidneys with puromycin aminonucleoside-induced nephropathy, mainly in epithelial podocytes. Consistent with these observations, our immunohistochemical analysis showed that HPR1 expression was absent in the glomeruli of the normal kidneys but was present in the tubular epithelial cells at a low level. HPR1 expression was upregulated in both the glomeruli and tubular epithelial cells in the kidneys with diabetic nephropathy. It appears that HPR1 expression is regulated by a common signaling pathway in both cell types.
Extensive clinical and animal model studies indicate that the HSPG content in the GBM is dramatically reduced in diabetic nephropathy, and that loss of HSPGs in the GBM leads to proteinuria. Spiro and colleagues (21, 22) first observed that HSPG levels are reduced in the GBM in patients with diabetic nephropathy. Tamsma et al. (23) . and Vernier et al. (24) described a reverse correlation between HSPG expression and proteinuria in diabetic nephropathy. Consistently, van den Born et al. (25), using a unique monoclonal antibody (JM-403) specific for HSPGs in the GBM, demonstrated that decreased GBM staining intensity correlates with proteinuria. Rohrbach et al. (26, 27) reported that the production of HSPGs in the GBM is greatly reduced in streptozotocin-induced diabetic mice. The molecular mechanism of abnormal metabolism of HSPGs in the kidneys of diabetic patients remains controversial. Reduced [
35 S]sulfate incorporation in the GBM of diabetic glomeruli (28, 29) suggests that decreased synthesis of glomerular proteoglycans and basement membrane HSPGs occurs in diabetic mice and rats (26, 27, 30) . However, a marked increase in radiolabeled sulfate incorporation in proteoglycans in diabetic tissues has also been reported (31) , whereas analysis of the glycosaminoglycan content of kidneys obtained at autopsy revealed a dramatic reduction of glycosaminoglycan in the GBM in diabetic nephropathy patients compared with nondiabetic control subjects (21, 22) . Our present study demonstrated that high glucose condition was able to induce HPR1 expression and cell surface heparan sulfate degradation. These observations strongly suggest that downregulation of HSPGs in the GBM may not be caused by the downregulation of HSPG biosynthesis, but rather by accelerated degradation of heparan sulfate by increased HPR1 expression.
We observed that the rate of increased urinary HPR1 levels in diabetic patients (73%) was much higher than that reported by Katz et al. (9) . These investigators suggested that an unidentified inhibitor is present in some urine samples, leading to a false-negative result. Thus, the discrepancy could be caused by the different methods used to detect HPR1. Although our in vitro study demonstrated that high glucose was able to increase HPR1 expression in renal epithelial cells, our clinical study revealed that urinary HPR1 levels were increased only in diabetic patients with nephropathy but not in those without nephropathy. We speculate that lack of increased urinary HPR1 levels in patients without nephropathy may be caused by tighter control of their blood glucose levels, which correlates to what is seen clinically. Alternatively, HPR1 expression may be systemically elevated in patients with diabetes. However, HPR1, like albumin, will not be able to pass the intact GBM in the early stage of diabetes but can pass through the impaired GBM in the kidneys with nephropathy.
Cloning and characterization of the HPR1 promoter in this laboratory revealed that it does not contain TATA nor CAT box but contains a GC-rich sequence in the proximal promoter region (32) . The basal promoter activity of the HPR1 gene is largely located in a 0.3-kb region upstream of the translation start site (32) . Three Sp1 sites and four Ets relevant elements in a 0.3-kb promoter were identified by truncational and mutational analysis of the HPR1 promoter as well as electrophoretic mobility shift assay (32) . GA-binding protein and Sp1/Sp3 synergistically regulate HPR1 promoter activity (32) . Recent studies demonstrated that HPR1 promoter activity can be induced by phorbol-12-myristate-13-acetate plus ionomycin in T-cells by Egr-1 transcription factor. Elkin et al. (33) . recently reported that HPR1 gene expression and promoter activity can be induced by estrogen in breast cancer cells. In our current study, we demonstrated the ability of glucose to transcriptionally activate HPR1 promoter largely within in the 0.3-kb region upstream of the translational start site. Although previous studies have demonstrated that high glucose is able to activate several transcriptional factors that are involved in regulating HPR1 promoter, including Sp1, Egr-1, and the Ets family transcription factor, it is likely that concerted activation of these transcription factors by high glucose leads to the activation of HPR1 promoter and induction of HPR1 gene transcription. Nevertheless, our observation showing that high glucose is able to induce HPR1 expression is consistent with the nature of many housekeeping genes, such as glycolytic genes, whose expression can be regulated by glucose.
In summary, our current study demonstrated that HPR1 expression was increased specifically in kidneys with diabetic nephropathy, and urinary HPR1 levels were elevated in patients with diabetic nephropathy but not in diabetic patients without nephropathy. Our in vitro study demonstrated that high glucose was able to induce HPR1 expression in renal epithelial cells, leading to the degradation of cell surface heparan sulfate. HPR1 inhibitors were able to normalize cell surface HPR1 expression. Our studies strongly suggest that downregulation of heparan sulfate in the GBM is mediated by accelerated degradation of heparan sulfate because of increased HPR1 expression induced by hyperglycemia and that HPR1 is an important pathogenic factor in the development of diabetic nephropathy. HPR1 inhibitors may be developed as novel therapeutic agents to block the degradation of heparan sulfate in the GBM and to prevent proteinuria and diabetic nephropathy.
